r During exercise skeletal muscles use the energy buffer phosphocreatine. r The post-exercise recovery of phosphocreatine is a measure of the oxidative capacity of muscles and is traditionally assessed by 31 P magnetic resonance spectroscopy of a large tissue region, assuming homogeneous energy metabolism.
Introduction
Skeletal muscle disposes of efficient cellular buffer systems that enable sudden and large changes in energy expenditure during transitions from rest to exercise and recovery. Creatine kinase (CK) and phosphocreatine (PCr) provide such a buffering function: during conditions when the demand of ATP cannot be met by oxidative metabolism, typically at the onset of exercise, ATP is produced through hydrolysis of PCr by CK. More than thirty years ago it was demonstrated using 31 P magnetic resonance spectroscopy (MRS) that the ATP required for the recovery of PCr is synthesized aerobically (Taylor et al. 1983) . Thus, the mono-exponential rate constant of PCr recovery (k PCr ) after in-bore exercise is a non-invasive correlate of the muscle's oxidative capacity (Meyer, 1988; McCully et al. 1993; Kemp et al. 2015) . It was shown to be higher in trained vs. untrained (Takahashi et al. 1995; Larsen et al. 2009 ), young vs. older (Fleischman et al. 2010) , and in healthy subjects vs. patients with type II diabetes (Phielix et al. 2008; Bajpeyi et al. 2011) . Traditionally, 31 P MR spectra of muscles are recorded with a single surface coil and a simple pulse-acquire method. The 31 P signals originate from a region adjacent to the coil. The extent of this region is determined by the size and sensitivity profile of the coil, but otherwise the spectra are unlocalized. However, skeletal muscle is not a homogeneous entity. Most importantly, it is composed of metabolically different fibre types: oxidative type I, and glycolytic type II fibres, the spatial distribution of which is not uniform. In many human muscles, type I fibres are predominantly found in the deep parts, while type II fibres are more prominent in superficial areas (Lexell et al. 1983; Dahmane et al. 2005) . In rodent lower hindlimb muscles, including the tibialis anterior, fibre distribution also varies along the length of the muscle, with the proportion of oxidative fibres being higher in the proximal part, and glycolytic fibres more prominent in the distal part of the muscle (Torrella et al. 2000; Wang & Kernell, 2001) . As experiments using muscle biopsies point towards faster recovery of PCr in the oxidative type I compared to the glycolytic type II fibres (Söderlund & Hultman, 1991) , k PCr might reflect differential muscle fibre distribution. In addition, intramuscular variations in k PCr may depend on spatial differences in oxygen supply for maximal oxidative phosphorylation. The presence of such variations along the length of muscles will have implications for the bio-energetic assessment, in individual muscles, of interventions (e.g. exercise programmes) and of disease progression in neuromuscular disorders.
The general aim of this study was therefore to investigate whether variations in functional oxidative capacity occur along the length of healthy muscles. More specifically we selected the tibialis anterior (TA) for this study as this muscle is easy to approach and performs in a well-defined and assessable way in foot dorsiflexion. To determine if proximal-distal differences in k PCr exist we employed a dedicated phased-array probe with five coil elements to acquire localized 31 P MR spectra with high signal-to-noise and time resolution along the length of the TA, during and after submaximal and exhaustive foot dorsiflexion.
To confirm that the dorsiflexion exercise properly activates the TA and to examine the possible involvement of other muscles to the exercise, specifically that of the extensor digitorum longus (EDL), we applied muscle functional 1 H MRI ( 1 H mfMRI) with a 1 H volume coil, as an independent high resolution MR approach. Moreover, because the dynamics of the exercise-induced signal alterations in 1 H mfMRI are strongly correlated with k PCr (Schmid et al. 2014) , it is relevant to examine intramuscular variations of these signal alterations as well. This is of additional interest as the signal of apparent transversal relaxation (T2 * ) weighted gradient-echo (GE) images, used in 1 H mfMRI, is sensitive to changes in deoxyhaemoglobin concentration and blood flow, although other factors may also be involved (Fleckenstein et al. 1988; Jacobi et al. 2012) .
Methods

Ethical approval
This study was conducted according to the principles of the Declaration of Helsinki (version October 2013) and in accordance with the Medical Research Involving Human Subjects Act (WMO), except for registration in a database. The study was approved by the local medical ethics committee (registration number: NL47394.091.14) and all subjects gave written informed consent.
Subjects
Ten healthy young (18-35 years) normal weight (BMI 18-25 kg m −2 ) male volunteers were recruited for this study. Exclusion criteria were any form of metallic implant and claustrophobia. Subjects were instructed to abstain from exercise and alcohol for 24 h prior to the two experimental sessions. During the week prior to the second trial, the participants were instructed to fill in a validated questionnaire about their level of daily physical activity (Craig et al. 2003) .
Ergometer
A home-built MR compatible ergometer set-up for dorsiflexion of the foot was used. The volunteer's right foot was tightly strapped to a shoe attached to a pedal. The pedal, in turn, was connected via a rope to a digital force gauge (Sauter FL 500, Balingen, Germany), located outside the magnet room. The force applied during the various exercise bouts was then projected onto the front panel of the magnet housing as online feedback to the volunteers ( Fig. 1A and B) .
Design and hardware
Each volunteer underwent two experimental sessions inside the clinical 3T MR system (Siemens Magnetom Trio, Erlangen, Germany). The first session served to determine the maximum voluntary contraction (MVC, A, the subject's right foot was placed in a shoe attached to a pedal which was connected with a rope to a force gauge located outside the scanner room. The leg was positioned in a 1 H/ 31 P birdcage coil with the five-element 31 P surface coil for receive strapped on the tibialis anterior. The force applied during the exercise was then projected onto the scanner as feedback to the volunteers. B, example of the projection of the beamer onto the front panel of the magnet housing. The subject was asked to keep his force level (green line) within the two red lines (+5% and −5% of the maximum voluntary contraction). C, 31 P phased array surface coil strapped on the lower leg of a healthy volunteer with the five coil elements depicted.
J Physiol 596.8 maximum of three attempts) for foot dorsiflexion and was determined in each volunteer inside the MR scanner using the ergometer. Thereafter, the volunteers got acquainted with the set-up and in-bore exercise regime as they performed the same rest-exercise-recovery transitions as during the actual experiments of the second session which are described below.
To assess metabolic differences along the length of the TA, a home-built 31 P phased-array probe (van Uden et al. 2012) was used for signal reception, consisting of five individual coil elements (size: 4 × 4.5 cm each, total size: 4 × 20 cm, overlap of elements for decoupling). The coil array was positioned on the TA of the right leg, with element 1 (E1) at the distal end of the muscle placed at a ±12 cm from the lateral malleolus, and fixed with Velcro straps (Fig. 1C) . Fish oil capsules in the centre of the two outer most elements allowed for verification of coil position in the MR images. The receive coil was combined with a commercially available 1 H/ 31 P birdcage coil (Rapid, Rimpar, Germany), detunable at the 31 P-frequency and 20 cm in length, which was carefully positioned in the head-foot direction to fully cover the 31 P receive coils. This set-up allowed for a homogeneous phosphorous excitation by the volume coil and recording of free induction decays (FIDs) of high signal-to-noise ratio (SNR) from the TA by the individual coil elements of the surface coil. The birdcage coil's proton part was further used for anatomical imaging, 1 H mfMRI and 31 P signal enhancement by employing the 1 H-31 P nuclear Overhauser effect (NOE).
MR acquisition during the second experimental session
Experiments in resting muscle. After a series of localizers, anatomical imaging was performed using a T1 weighted turbo spin echo (TSE) sequence with five transversal slices centred to the middle of each 31 P coil element. If the fish oil capsules attached to the outermost coil elements did not appear directly above the TA muscle in the TSE images, the 31 P receive coil array was repositioned. Thereafter, 2D 31 P imaging was performed using a GE sequence (centre-frequency on PCr, TR = 1500 ms, TE = 10 ms, NA = 6, FOV = 199 × 199 mm, matrix size = 16 × 16) with localization in the third dimension perpendicular to the coil by the position of the individual coil elements. For 31 P MRS, the main magnetic field homogeneity was adjusted on a volume covering all of the muscles within the sensitive area of the transmit coil. Two fully relaxed 31 P MR spectra (90°flip angle, 500 μs hard pulse, TR = 15 s, 6 averages) were performed either with or without NOE ( 1 H decoupling with WALTZ 4, 1 H frequency on the water frequency (Luyten et al. 1989) ). (Fig. 2) . The postexercise signal intensity of 1 H mfMRI takes at least 15 min (Schmid et al. 2014) First, 1 H muscle functional magnetic resonance imaging ( 1 H mfMRI) data was obtained, for which the volunteers performed 40 s of isometric dorsiflexions of the foot while 1 H gradient echo echo-planar imaging was applied for 16 min 40 s. Thereafter, 31 P MRS was performed before, during and after exercise of the same intensity and duration (SUBMAX). Finally, an isometric incremental exercise was performed until exhaustion recorded with 31 
Experiments in contracting muscle
P MRS (EXH).
MRS (same parameters as for the previous experiment) was acquired during and after EXH for a total duration of 10 min 32 s.
Data post-processing
Overlay of 31 P imaging and anatomical imaging. We delineated the TA and EDL to determine the relative contribution of the two dorsiflexors to the total 31 P signal by overlaying the 31 P images and anatomical images in a subset of 8 volunteers using MIPAV (Medical Imaging Processing, Analysis and Visualization (MIPAV), http://mipav.cit.nih.gov). For the post-exercise 1 H mfMRI data, two ROIs surrounding the TA and EDL, and a third ROI surrounding the remaining muscles of the calf and peronei (C) were drawn using Fiji (Schindelin et al. 2012) . In these three ROIs the signal intensity during recovery was normalized to baseline and a moving average filter with span of 11 data points was applied. The amount of signal change relative to the minimal value at the start of the recovery, as well as the slope at which the signal increased in the initial phase of the recovery were determined. The 31 P spectra were fitted, after phase correction and frequency alignment, using the AMARES algorithm in JMRUI (Stefan et al. 2009 ) applying appropriate prior knowledge including Lorentzian line shape and multiplets for ATP. Since no P i splitting was observed during exercise P i was fitted as a singlet. PCr recovery was fitted to the following mono-exponential function using Matlab (The Mathworks, Inc. Natick, MA, USA):
where k PCr is the recovery rate constant, PCr 0 is PCr at the end of exercise, and PCr is the recovery value of PCr (PCr recovery ) minus PCr 0 . Relative PCr depletion was obtained from the fitted values and defined as PCr/(PCr recovery ). pH was determined from the chemical shift difference between P i and PCr (Moon & Richards, 1973) .
Statistical analysis
Linear mixed model procedures for repeated measures were used (SPSS version 22.0, IBM, Armonk, NY, USA) to investigate the linear dependence of the various 31 P MRS and 1 H mfMRI parameters on coil element or slice number, essentially as described by West (2009) . For statistical modelling of the linear dependence of k PCr on coil element number, end-exercise pH (pH endex ) was included as an additional covariate. For the comparison of SUBMAX and EXH, averages of the 5 coil elements for k PCr , PCr depletion, and pH were computed in each volunteer and Student's paired t tests were performed. Standard linear regression was used to estimate associations between pH endex and k PCr , as well as between k PCr and parameters from 1 H mfMRI. For this linear regression pooled data from all the volunteers per coil element or imaging slice were used. The level of significance α was set to 0.05. All results are means ± SEM, unless stated differently.
Results
Subject characteristics
The subjects' anthropometric data along with their level of self-reported physical activity are given in Table 1 . All but one volunteers were engaged in sitting/sedentary professional activities. A relatively broad range of total physical activity time was reported, in total between 4 and 45 h per week at various intensities.
MVC and isometric exercise
Average MVC determined during the practice session was 200 ± 7.5 N. Average force during 1 H mfMRI and 31 P MRS SUBMAX was 59 ± 0.5% and 59 ± 0.4% of MVC (P = 0.14), respectively, indicating a good compliance with the requested force output (i.e. 60% MVC). Average time to exhaustion during EXH was 165 ± 7 s.
General characteristics of 31 P MR spectra
The proportion of 31 P signal stemming from TA was determined using an overlay of 31 P and 1 H anatomical images and was found to be 64 ± 3%, 75 ± 3%, 84 ± 1%, J Physiol 596.8 82 ± 1% and 79 ± 1% for E1 to E5, respectively. Thus, a dominant proportion of the signal originates from TA (Fig. 3A) Fig. 3B and C). The variation in the signal integral of PCr during the experiments was stable enough for proper analysis (Fig. 3D) . Together, this demonstrates good data quality given the small volume of muscle tissue that the signals are arising from. The signal enhancement of PCr due to A, overlay of 31 P maps on 1 H images, indicating that the majority of the 31 P signal originated from the tibialis anterior. B, 31 P MR spectra at the end of submaximal exercise. C, 31 P MR spectra at the end of recovery. D, the corresponding signal dynamics for phosphocreatine.
1 H-31 P NOE was modest, but significant and very similar between the different coils elements (15% to 16% signal enhancement on average in a subset of 4 volunteers at rest).
P MRS after exercise
The post-exercise recovery rate of PCr varied between the different coil elements, as indicated in Fig. 4 , which shows the average PCr intensity of the ten volunteers during exercise and recovery after SUBMAX exercise. Average k PCr varied significantly along the length of TA, being lower in distal compared to proximal regions after both SUBMAX and EXH (for both: P < 0.001, +0.27 min −1 with increasing coil number, Fig. 5A and B) . The statistical model used accounted for differences in pH at the end of exercise (pH endex ) between coils and subjects, indicating that the pronounced difference in k PCr between coil elements cannot primarily be explained by alterations in pH.
On average, k PCr was significantly lower after EXH than SUBMAX (P = 0.024, Fig. 5C ). A comparison of k PCr with pH endex for EXH and SUBMAX and all coil elements showed that a drastically lower pH endex was associated with an overall slightly lower k PCr in EXH compared to SUBMAX, but the difference in k PCr between coil elements was unchanged (Fig. 5D ). This further indicates that pH is not the main reason for the gradient in k PCr along TA. Pooling all subjects and coils, k PCr significantly correlated with pH endex in SUBMAX (r 2 = 0.17, P = 0.003) and in EXH (r 2 = 0.14, P = 0.008). k PCr was also fitted with a bi-exponential model (Harris et al. 1976) and in 80% and 66% of the cases for SUBMAX and EXH, respectively, the fit converged to the same mono-exponential solution. Importantly, there was no difference between coil elements, as a mono-exponential solution was found in 14 (coil elements 1 and 3) or 15 (coil elements 2, 4, 5) out of 20 PCr recovery experiments per coil element. PCr is normalized to pre-exercise levels. A and B show results for all five coil elements for submaximal and exhaustive exercise, respectively (E1-proximal to E5-distal; without error bars). C and D show results for the two outermost coil elements E1 and E5 including error bars (SEM), for submaximal and exhaustive exercise, respectively. This demonstrated similar depletion of PCr, but a pronounced difference in the recovery rate. N = 10.
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P MRS during exercise
Along with differences in oxidative capacity within TA measured by post-exercise k PCr , parts of the muscle with a lower oxidative capacity might also show an earlier pH drop after the initial pH increase and a more pronounced utilization of PCr during exercise. While the relative maximum depletion of PCr was not correlated with any of the coil elements (P = 0.22) during SUBMAX, it varied slightly (estimated fixed effect: +0.02 with increasing coil number), but significantly (P < 0.001) with the coil elements during EXH (Fig. 6) . pH endex and the lowest pH value during the experiment (pH min ; reached shortly after the end of the exercise due to protons released by the reversed creatine kinase reaction (Kemp et al. 2015) ) showed no gradients along the length of the muscle, neither during SUBMAX, nor during EXH (Fig. 6 ). Time evolution of the PCr signal and the P i -to-PCr ratio (not shown) during EXH was similar between coil elements, while pH started to drop earlier during exercise in E3 compared to the outer elements E5 and E1 (Fig. 7) . In EXH, the depletion of PCr was more pronounced (0.53 ± 0.02 vs. 0.40 ± 0.02; P = 0.001), as was the decrease of end-exercise pH (pH endex : 6.75 ± 0.03 vs. 7.07 ± 0.01; P < 0.001) compared to SUBMAX. The minimal pH was lower in EXH than SUBMAX (pH min : 6.59 ± 0.03 vs. 6.93 ± 0.03; P < 0.001).
H mfMRI response to exercise
The pronounced increase in the relative 1 H mfMRI signal intensity in the early recovery phase after isometric exercise (+15.3 % in TA or +17.9 % in EDL on average in the most proximal image slice 5) indicates that both TA and EDL were recruited for the isometric dorsiflexion exercise, while the rest of the lower leg muscles were not, as reflected by the almost complete absence of post-exercise response for the remaining muscles of the lower leg (Fig. 8) . The slope of this signal increase varied with the slice number 
for elements E1-distal to E5-proximal A, after submaximal (SUBMAX). B, after exhaustive exercise (EXH).
A pronounced gradient in k PCr , increasing from distal to proximal regions of the tibialis anterior was found during both SUBMAX and EXH (P < 0.001 for both). C, correlation of k PCr of SUBMAX with k PCr of EXH for means of each coil element. D, plot of average pH endex vs. k PCr over all subjects of each coil element, indicating that pH cannot be the principal reason for the pronounced variation in k PCr between elements. Data are presented as means ± standard deviation. N = 10.
(TA and EDL: P < 0.001), increasing from distal to proximal ( Fig. 9A and B) . The slope of the 1 H mfMRI signal increase appeared to be lower for each slice when the 31 P phased-array probe is positioned on the TA (Fig. 9C  and D) . However, a similar proximal-distal gradient of this slope along the TA was still present without this probe attached to the lower leg. Figure 10A displays the association of the slope of TA and EDL, which were significantly correlated for the average over the volunteers per slice (slope: r 2 = 0.99; P < 0.001).
Correlation of k PCr ( 31 P) with 1 H mfMRI
The PCr recovery rate in TA was positively associated with the slope of the 1 H mfMRI signal (Fig. 10B) . Highly significant correlations were observed for the average over the volunteers per slice or per coil element (r 2 = 1.0, P < 0.001).
Discussion
In this study we observed remarkable differences in oxidative capacity along the length of the tibialis anterior in healthy male volunteers by using phased-array localised 31 P MR spectroscopy. While the extent of PCr depletion and acidification during exercise was similar, the rate of PCr recovery after exercise was approximately twice as high in proximal compared to distal muscle parts, indicating a heterogeneous oxidative capacity within this muscle. It is important to note that the magnitude of this difference in k PCr within the same muscle is similar to the difference in k PCr between untrained and endurance trained (Larsen et al. 2009 ), or sprint and endurance trained TA muscles (Crowther et al. 2002) as assessed by 31 P MRS using traditional surface coils. Thus proper placement of the coils may be critical in these assessments. We observed a similar proximal to distal gradient in the slope of the signal increase recorded by 1 H mfMRI after exercise. These post-exercise dynamics of the 1 H mfMRI signal strongly correlated with k PCr derived from 31 P MRS. It is noteworthy that these correlations stem from two consecutive exercise experiments, indicating a similar metabolic demand of both exercise bouts, which is also suggested by the very similar overall force during both experiments. 31 P MRS studies repeatedly showed that end-exercise low levels of pH and/or pronounced PCr depletion are associated with reduced PCr recovery rates (Lodi et al. 1997; van den Broek et al. 2007; Layec et al. 2013) . In the present study, we indeed observed this correlation between pH endex and k PCr in an evaluation of the results from all subjects and coil elements. Furthermore, k PCr was suppressed after exhaustive exercise with lower pH endex and pH min . This demonstrates that although the PCr signals arose from small muscle volumes, the signal-to-noise ratio was sufficient to measure the expected drop in k PCr and pH associated with intense exercise. The variation in mean k PCr along the coil elements, however, cannot be explained by pH, as the linear mixed model included pH endex as a covariate. This conclusion is supported by the observation that EXH exercise is associated with substantially lower pH endex compared to SUBMAX, while the difference in mean k PCr between coil elements remains the same.
Recovery of PCr requires an adequate supply of oxygen to the muscle cell (Taylor et al. 1983; Quistorff et al. 1993) . Blood flow to the TA could be reduced due to compression of the anterior tibial artery by the surface coil, and thus potentially decrease k PCr . The additional 1 H mfMRI experiments performed in a subset of three volunteers showed indeed that strapping the surface coil to the lower leg can result in a slower response compared to the same measurement without the 31 P coil array. However, the gradient in the post-exercise kinetics of the . pH values deviating more than ±2 times the standard deviation from the mean were removed. The average time to exhaustion in the ten volunteers was 165 ± 7 s. N = 10.
1 H mfMRI signal was not affected by the placement of the array. The observed gradient in the rate of PCr recovery of the TA muscle thus has a biological origin which could be a proximo-distal variation in fibre type composition and/or a variation in capillary density and local perfusion. The typical fibre length in TA is less than 7 cm, while this whole muscle is on average 26 cm long in male subjects (Ward et al. 2009 ). Even though TA muscle is only slightly pennated, the muscle fibres found distally are not the same as those proximally (Wang & Kernell, 2001) . In rats and rabbits, the proportion of the area occupied by type I fibres gradually decreases from the proximal to the distal parts of TA (Wang & Kernell, 2001 ). Given the intrinsically higher capacity for PCr recovery in oxidative type I fibres (Söderlund & Hultman, 1991) , a varying muscle fibre distribution along the TA muscle could explain the observed gradient in PCr recovery. There Data represent five slices (S1, distal to S5, proximal) corresponding to the centre of each of the five 31 P-coil elements (error bars omitted for clarity). For visual interpretation the lines were normalized to a minimum value at initial recovery. Both, tibialis anterior (A) and extensor digitorum longus (B) were recruited while the rest of the lower leg muscles (C) were not. The first 600 of 900 s of recovery are shown. Note that the high signal intensity in the first few seconds is a movement artefact. N = 10.
is evidence of non-uniform muscle fibre distribution in cross-sections of various human limb muscles, including the TA (Johnson et al. 1973; Elder et al. 1982; Dahmane et al. 2005 ) and the vastus lateralis (Elder et al. 1982 ), but we are not aware of studies on muscle fibre distribution along the length of human TA muscle. Besides 31 P MRS, muscle functional 1 H MR imaging was performed before, during and after exercise of the same intensity and duration as for the submaximal exercise in the 31 P experiments and with imaging slices placed at the middle of each 31 P coil element. The slope of the signal increase in the TA after exercise increased from the distal to the proximal part of the muscle. Qualitatively, the signal response in 1 H mfMRI after contraction is very similar to that of the brain: after a stimulus, an initial signal is observed increase, followed by a plateau phase, and subsequent decrease of the signal (Buxton, 2010) . In the brain the response is in the order of 1-2%, lasting only a few seconds and is due to the so-called blood oxygenation level dependent (BOLD) effect, caused by local susceptibility differences due to changing concentrations of blood deoxy-and oxyhaemoglobin. The post-exercise effect in muscles on T2/T2 * relaxation is higher, up to 30%, depending on exercise intensity, and lasts several minutes (Fisher et al. 1990 ). In skeletal muscle, the exact causes of these signal alterations after exercise are not entirely known; besides BOLD, changes in pH and osmotically driven fluid shifts may also affect T2/T2 * relaxation (Fleckenstein et al. 1988; Jacobi et al. 2012) .
If the observed gradient in the 1 H mfMRI signal slope is mainly due to the BOLD effect, this could indicate decreasing capillary density and local perfusion in the proximal-distal direction and as a consequence a slower recovery of PCr in the distal parts. In rats, higher capillary . Post-exercise dynamics of the 1 H mfMRI signal A and B, slope during initial recovery from minimum to peak signal intensity in ten volunteers after 40 s isometric exercise (60% MVC) for the five imaging slices (S1-distal to S5-proximal) in tibialis anterior (A) and extensor digitorum longus (B). C, slope of the 1 H mfMRI response in a subset of three volunteers without the placement of the 31 P phased array probe on the tibialis anterior. D, slope of the 1 H mfMRI response with placement of the 31 P phased array probe on the tibialis anterior in the same three volunteers. Data are presented as means ± standard deviation.
density in proximal vs. distal regions of TA muscle was reported (Torrella et al. 2000) , but we are unaware of studies investigating capillary density along human TA muscle. However, studies using other methods such as positron emission tomography (Mizuno et al. 2003) and near-infrared spectroscopy (Koga et al. 2015) have demonstrated heterogeneity in perfusion and oxidative capacity of human skeletal muscle. Therefore, in future work it would be valuable to investigate perfusion along the length of the TA also, for example by MR techniques such as arterial spin labelling (Boss et al. 2006) or intravoxel incoherent motion imaging (Le Bihan et al. 1988; Filli et al. 2015) .
Beyond the BOLD effect, it has been shown that tissue pH directly affects the muscle's intracellular transverse relaxation time (Louie et al. 2009 ). Furthermore, rapid osmotically driven alterations of intra-and extracellular water pool sizes due to changes of intracellular metabolite concentrations (P i , Cr, PCr, lactate, acetylcarnitine etc.), may dynamically change the overall/apparent T2 and T2
* of skeletal muscle (Meyer & Prior, 2000; Damon & Gore, 2005; Schmid et al. 2014) . This requires intraand extracellular (=interstitial and intravascular) water T2/T2
* to be substantially different from each other. Intracellular and interstitial water T2 are indicated to be similar (around 30 ms), while T2 of vasculature is in the order of 140-180 ms (Belton et al. 1972; Hazlewood et al. 1974; Araujo et al. 2014) . In the early phase of recovery, oxidatively produced ATP is utilized to re-establish levels of PCr according to the net equation: P i + Cr→PCr + H + . The protons produced by the CK reaction contribute to an initial lowering of intracellular pH, resulting in a (slightly) prolonged cellular T2 (Louie et al. 2009 ). Parts of the protons are, however, buffered, or together with lactate efficiently pumped out of the myocyte (Kemp et al. 2015) . Therefore, intracellular metabolite concentration falls off quickly after the end of exercise, essentially as a function of the PCr recovery rate (Damon & Gore, 2005) . Thus, the rapidly decreasing muscle metabolite concentration in the early phase of the recovery could lead to a fluid shift from intracellular to interstitial and via capillary exchange to vascular compartments, thereby resulting in a higher overall water T2 and T2 * . Thus, increasing overall water T2/T2 * as a consequence of changing PCr concentration could be an alternative explanation for the strong correlation of k PCr with the slope of the post-exercise increase of the 1 H mfMRI signal.
It is beyond the scope of this study to disentangle the complex nature of the 1 H mfMRI response to exercise. However, our finding that k PCr is correlated with the 1 H mfMRI response further supports the notion that metabolic events and oxidative capacity of the muscle are directly associated with the kinetics of the 1 H mfMRI response (Schmid et al. 2014) or the extent (Vandenborne et al. 2000) and kinetics of muscle T2 after exercise (Reid et al. 2001) . It was previously shown that the inverse of k PCr correlates with the time to peak of the post-exercise 1 H mfMRI signal of a single slice (Schmid et al. 2014) . Here these findings are extended, demonstrating that this correlation holds true also for different regions of the same muscle.
In the present study, a pronounced post-exercise 1 H mfMRI signal increase was also observed for the EDL, while the remaining lower leg muscles do not show such an increase, which is in accordance with the biomechanics of dorsiflexion. Similar to TA, EDL displayed a proximal to distal gradient in the slope of the signal increase. Again, this functional gradient could reflect intramuscular variation in oxidative capacity or oxygenation. Most importantly, the fact that this gradient is also apparent in the EDL indicates that the gradient in k PCr in our 31 P experiments of the TA muscle cannot be explained by a varying signal contamination by the EDL muscle along the different 31 P coil elements. This is confirmed by the overlay of 31 P and 1 H anatomical images demonstrating that the vast majority of the 31 P signal stems from the TA. If oxidative capacity is higher in proximal parts of the TA muscle, we anticipated that the higher potential for aerobic energy provision should also be reflected in a slower utilization of PCr and a later drop of pH during exercise. An incremental test to exhaustion is expected to be the most sensitive for picking up differences between coil elements during exercise (Chilibeck et al. 1998) . However, we observed little difference in PCr utilization, P i to PCr ratio and pH in this phase, despite the pronounced gradient in the post-exercise PCr recovery rate. We tested only for linear gradients along the muscle, and can therefore not exclude differences in certain parameters between one coil element and another. These differences must be, however, much smaller than those observed in the recovery phase. A limitation of this study is the use of continuous isometric exercise which is characterized by lower energy expenditure compared to concentric exercise (Ryschon et al. 1997 ) and higher blood flow occlusion compared to dynamic muscle contractions (Laaksonen et al. 2003) . Thus, low oxidative energy provision in the entire TA during the muscle contractions could explain why the gradient in oxidative capacity is not or only slightly reflected in PCr utilization and pH. It may therefore well be that those parameters would vary to a greater extent if dynamic exercise was used. Alternatively, it cannot be ruled out that force production and therefore energy requirement is not uniform along the TA muscle. If the demand of ATP is higher in the proximal vs. distal regions of TA, the rate of PCr utilization may be similar despite a pronounced difference in oxidative capacity.
In our study we used five small separate coil elements for localization. Alternative technical approaches were recently presented for the localized assessment of k PCr (Greenman & Smithline, 2011; Parasoglou et al. 2012; Niess et al. 2016) . For instance, using a phosphorous volume coil together with a fast 31 P imaging method accelerated by compressed sensing at 7 T (Parasoglou et al. 2012) . While this elegant method allowed PCr recovery rates to be determined in various muscles of a cross-section of the lower leg, the simultaneous assessment of pH was not possible. Fast imaging of PCr and ATP in different muscles during exercise and recovery was demonstrated at 7 T using selective excitation and chemical shift displacement (Steinseifer et al. 2013) . With single voxel localization (Meyerspeer et al. 2011 ) a more pronounced PCr depletion in the medial gastrocnemius during plantar flexions was observed compared to non-localized experiments (Meyerspeer et al. 2012) . Others reported different PCr recovery kinetics in different muscle groups in separate measurements (Larsen et al. 2009; Layec et al. 2013; Yoshida et al. 2013) , as well as within a single experiment (Forbes et al. 2009; Valkovič et al. 2016 ). We are not aware of other studies investigating PCr recovery rates spatially resolved along the length of the same muscle.
In conclusion, pronounced differences in the functional oxidative capacity along the human tibialis anterior muscle were found by 31 P MRS investigations with a specifically designed multi-array coil, supported by 1 H mfMRI examinations. These findings identify regional variation in the physiology of this muscle during everyday activities. An important practical implication of the proximal-distal gradient in k PCr is that reproducible positioning of a surface coil on the TA in conventional 31 P MRS studies or voxel selection in localized 31 P MRS are crucial, especially in longitudinal studies, such as to assess the effect of exercise training on k PCr . Moreover, for interventions it may be essential to assess multiple locations in muscles for a proper evaluation of their effects. The present and other studies (Schmid et al. 2014) also demonstrated that 1 H mfMRI and k PCr assessed from 31 P MRS can provide similar spatial information on in vivo oxidative capacity of skeletal muscles. Since 1 H mfMRI can be done on any clinical MR system, and because of its much higher sensitivity, resulting in higher spatial and temporal resolution, this method may become a promising clinical tool to examine regionalization of metabolic capacity of skeletal muscle. The localized 31 P MRS and 1 H imaging approach reported here could also be used to investigate mechanisms of disease progression in neuromuscular diseases such as Duchenne muscular dystrophy and facioscapulohumeral muscular dystrophy, for both of which non-uniform muscle fat infiltration along the proximo-distal axis of lower limb muscles were recently observed (Janssen et al. 2014; Hooijmans et al. 2017) .
